The L-lactate-flavocytochrome b2-ferricyanide electron-transfer system from the yeast Hansenula anomala was investigated by rapid-reaction techniques. The kinetics of reduction of oxidized flavocytochrome b2 by L-lactate and L-[2H]lactate were biphasic both for flavin and haem prosthetic groups and at all concentrations tested. The first-order rate constants of the rapid and slow phases depended upon substrate concentrations, a saturation behaviour being exhibited. Substitution of the C2-H atom by 2H was found to cause appreciable changes in the rate constants for the initial reduction of flavin and haem (phase I), which were respectively about 3-fold and 2-fold less than with L-lactate. In contrast, no significant isotope effect was noted on the apparent reduction rate constants of the slow phase, phase II. Under steadystate conditions an isotope effect of 2.0 was found on the overall electron transfer from L-lactate to ferricyanide. These transient reduction results were discussed in terms of a kinetic model implying intra-and inter-protomer electron exchanges between flavin and haem b2, all of which have been experimentally described. Computer simulations indicate that the reaction scheme provides a reasonable explanation of the fast-reduction phase, phase I (in absence of acceptor). The pseudo-first-order rate constant for oxidation of reduced haem b2 in flavocytochrome b2 increased with increasing ferricyanide concentration in a hyperbolic fashion. The limiting value at infinite ferricyanide concentration, which was attributed to the intramolecular electron-transfer rate from ferroflavocytochrome b2 to the iron of ferricyanide within a complex, was 920 + 50 s-I at pH 7.0 and 5 'C. Stopped-flow and rapid-freezing measurements showed haem b2 and flavin to be 90 and 44 % oxidized respectively under steady-state conditions in presence of ferricyanide. Simulation studies were carried out to check the participation of the proposed reduction sequence in the overall catalytic reaction together with the role of reduced haem b2 (Hr) and flavin semiquinone (Fsq) as electron donors to ferricyanide. When the rate of the intramolecular electron-transfer exchange between Fsq and ferricyanide was adjusted to 200 s-', simulated data accounted for molar activities defined under various conditions of L-lactate, [2H]lactate and ferricyanide concentrations. Simulation studies were extended to data obtained using cytochrome c as acceptor and reaction catalysed by Saccharomyces cerevisiae flavocytochrome b2. The differences in reactivity observed for Hr and Fsq with ferricyanide and cytochrome c were discussed in terms of redox potentials, electrostatic interactions, distances and accessibility of the participating groups.
INTRODUCTION
. This polypeptide chain is folded into two distinct domains [3] [4] [5] which are involved in two different functions, L-lactate: flavin dehydrogenase and its electron acceptor, the cytochrome b2, which then reacts with external acceptors such as yeast cytochrome c [6] [7] [8] and ferricyanide [6, [9] [10] [11] .
Several electron-transfer steps have been characterized in the reduction process of flavocytochrome b2by a two-electron donor, L-lactate, conducted at equilibrium [12, 13] and in the course of rapid-mixing-and-freezing kinetic studies [14] . The electrontransfer sequence starts by two-electron reduction of flavin by bound L-lactate within the flavodehydrogenase moiety, as illustrated in Scheme 1. The second step is reversible intramolecular one-electron transfer between reduced flavin and haem b2, the latter belonging to the cytochrome b2 domain, taking place within a protomer, with the concomitant transient formation of flavin semiquinone. Further reversible intramolecular electron transfer from flavin semiquinone to haem b2 has been demonstrated from T-Jump studies on partially reduced enzyme [15] . In turnover reaction with Hansenula anomala cytochrome c as external acceptor, intramolecular one-electron transfers take place from reduced cytochrome b2 to cytochrome c within the reaction complex [7, 8] .
The purpose of the present work was first to obtain additional information on the kinetic parameter values assigned to intramolecular electron transfers, both between bound substrate and flavin, and between flavin and haem b2 prosthetic groups, and secondly to document their participation and rate limitation effect on the overall reaction between L-lactate and ferricyanide. First, rapid reduction kinetics of flavin and haem b2in Hansenula anomala flavocytochrome b2 ( Secondly, rapid kinetics of oxidation of reduced haem b2in H-enzyme were investigated at various concentrations of ferricyanide, together with the observation of the redox state of haem b2 and flavin species under steady-state conditions. The results reported constitute a direct observation of the electron transfer between reduced flavocytochrome b2 and ferricyanide mediated by a 1: 1 complex between the two reactants. Finally, to interpret the kinetic data obtained under steadystate conditions, computer-simulation studies have been performed on the basis of a kinetic scheme (Scheme 2) involving intramolecular electron-transfer steps within flavocytochrome b2. A two-electron distribution per protomer is allowed (illustrated above-in Scheme 1), together with steps of oxidation of flavin semiquinone and reduced haem b2 by monoelectronic acceptors. Scheme 2 was investigated with rate-constant values for the most part experimentally determined in the present study. It accounted for experimental results obtained under multiple conditions of substrate and acceptor concentrations for Hansenula anomala flavocytochrome b2, as well as for its counterpart in Saccharomyces cerevisiae (baker's yeast). Simu- lation studies of Scheme 2 allowed one to conclude that a sequence of intramolecular electron transfers is involved as ratelimiting steps in the overall reaction, with ferricyanide as well as with cytochrome c. Furthermore, this study provides a basis for improving the full reaction sequence (Scheme 3) previously proposed for electron distribution within fully reduced flavocytochrome b2 in absence of external acceptors. Scheme 3 implied, besides intraprotomer electron exchanges between flavin and haem b2 (as in Scheme 1), inter-protomer electron-exchange steps, all of which have been experimentally described. By using the set of parameters ascribed above in reduction steps, Scheme 3 allowed the best fits of the reduction time courses [16] , with the modifications reported in [14] . Its concentration expressed as the molarity of haem b2 in solution was measured with a Perkin-Elmer 555 spectrophotometer from the y-band absorbance of dithionite-reduced enzyme by using 6423 183 mM-' *cm-' [17] .
L [19] , having a 2.2 ms dead time and thermostatically controlled at 5 (±0.1) 'C. The wavelengths used to monitor the various redox reactions studied in this work were carefully determined from difference absorbance spectroscopy carried out on cytochrome b2, flavocytochrome b2 and cytochrome c as described by us previously in [8] , [14] and [20] respectively. The relative contribution of haem b2 and the various flavin redox species at these wavelengths were previously determined in [14] . Briefly, haem b2 reduction was monitored in the a-band at 557 nm (Aered-ox 21.8 +0.9 mm-' -cm-'). Flavin reduction was monitored at 438.3 nm (Aered-ox -8.6+ 0.9 mm-' cm-'), a haem isosbestic point determined precisely on the apparatus before each series of experiments as described in [21] . At 438.3 nm the absorbance-coefficient values for the flavin redox species were CF = 10 ±I mm-' -cm-, 9F = 3 +0.5 mm-' -cm-1 and 6F = 1.2+0.3 mm-' -cm-'. At 480 nm, both haem (Ac -4,6+ 0.2 mm-' cm-') and flavin (As-7.5 + 0.5 mm-' -cm-') contributed to the absorbance [14] .
As deduced from the absorbance spectra of the flavodehydrogenase isolated from H.a. flavocytochrome b2 published in [22] [14] .
All the concentrations of components given in the text correspond to final concentrations after mixing. All kinetic studies were performed in 0.1 M-sodium/dipotassium phosphate buffer at pH 7.0 and 5 'C, unless otherwise specified.
All data analyses were performed on an Apple II computer. For every kinetic experiment at least two traces were recorded at the same time-sweep. These data were then fitted to an analytic expression containing one or two exponential terms by application of non-linear iterative regression based on a leastsquares criterion, as previously detailed [19] . The reaction rates were the mean values of analysing four to six traces. The S.D. was found to be 6-15 %, the highest values being those for the faster processes. Complex kinetic models were examined using the fourth-order Runge-Kutta method [24] to perform the integration of the appropriate set of differential equations, thus providing the concentrations of the different species involved as a function of time. Then, at each wavelength, the time course was reconstituted using the appropriate set of absorbance coefficients. Semi-quantitative fits were then obtained by placing tracings of the experimental data over the computed time courses.
RESULTS
Reaction of flavocytochrome b2 with L-lactate and L-12Hllactate
Reduction of flavocytochrome b2 prosthetic groups. The kinetics of the reduction of flavocytochrome b2 by L-lactate and L-[2H]lactate were studied by monitoring the absorbance changes at 438.3 nm (i.e. flavin reduction) as well as at 557 nm (haem reduction). The reduction by substrate under pseudo-first-order conditions (0.1-12 mM) followed biphasic kinetics (Fig. 1) . These absorption changes, for both flavin and haem, adequately fit with the sum of two exponential terms, leading to the determination of reduction rate constants k1 and k11 for phases I and II respectively. High reduction rates obtained at 10 mm-L-lactate concentration are illustrated in Fig. l Whatever the substrate concentration, the total amplitude of the reaction was constant and in agreement with data from static differential spectrophotometry, indicating total reduction of flavin and haem (Acred-ox -8.6 + 0.9 mm-'1 cm-' and Acred-ox 21 .8 + 0.9 mm-' -cm-1 [14] respectively). The initial phase (phase I) consisted of a fast process which was the major contribution to the absorbance change. The relative amplitude of the two phases was found to be essentially independent of L-lactate or With L-[2H]lactate, the individual rate constants in the initial phase of reduction of flavin and haem were all substantially less than the analogous reactions with L-lactate and were substantially reduced to 100 s-, as listed in Table 1 .
From analyses of the variations of the first-order rate constant of the slow phase, k1I, with substrate concentrations (Fig. 2 ), it appears that both flavin-and haem-reduction rates depend on L-lactate concentrations and have a hyperbolic character, with rate constants reaching limits of 15 s-I and 13 s-' respectively.
After isotopic substitution, kii values for flavin and haem reached limits of 12 s-I and 10 s-1 respectively (Fig. 3) .
Overall catalytic reaction and 2H substitution. Under steadystate conditions, as described in the Materials and methods section, the initial velocity of ferricyanide reduction was determined for a series of initial concentrations of substrate, The enzyme is considered as a dimer, each protomer containing one haem b2 (H) and one flavin mononucleotide (F) . The relative position of the prosthetic groups is based on the three-dimensional structure of the tetrameric molecular determined at 0.24 nm (2.4 A)
resolution [35] . flavocytochrome b2 prosthetic groups established at two extreme electron-entry rates (a) The reduction time courses of H.a. flavocytochrome b2 by 10 mM-L-lactate concentration at 5°C, published in [14] , were illustrated here as a shadowed area indicating (i) the reproducibility of the stopped-flow absorbance recorded tracings observed at 557 nm for haem b2 and 438.3 nm for flavin (a haem b2 isosbestic point) in an independent series of experiments (numbers indicated in parentheses below) performed at enzyme concentrations of 2.2 (4), 10 (2) LM and 2.2 (2), 4.5 (1) and 10 (2) gM respectively. The fit of the flavin and haem time courses to a sum of two exponential processes led to the determination of the apparent reduction rate constants for phases I and II. At 10 mM-L-lactate, values were 350 + 25 s-1 and 14+2s-' respectively for flavin, and 168+13s-1 and 12+2s-1 respectively for haem. Data from e.p.r. rapid-freezing experiments were presented as solid circles (0) for reduced haem b2 (Hr) and circles (0) for flavin semiquinone (F.q) obtained at 94 /tMflavocytochrome b2 concentration. The broken lines (------) corresponded to computed time courses obtained with Scheme 3. The kinetic parameters used are given in [18] .
Rapid kinetic studies of electron exchanges between reduced flavocytochrome b2 and ferricyanide In an effort to furnish experimental support to the interpretation of the kinetic isotope effect in the catalytic cycle, we investigated the electron-transfer reaction between reduced flavocytochrome b2 and ferricyanide as an external acceptor.
Determination of the electron exchange rate between haem b2 and ferricyanide. To quantify the electron exchange rate between reduced flavocytochrome b2 and ferricyanide, the oxidation of reduced haem b2, monitored at 557 nm, was studied under pseudo-first-order conditions ,uM-ferricyanide). After rapid mixing, an apparent first-order time course was observed. The second-order plot of ka (the apparent pseudo-first-order rate constant) versus ferricyanide concentration is illustrated in Fig.  4 . Only a narrow range of concentration of the oxidant was investigated, owing to the rapidity of the recorded process. Indeed, when more than 60 % of the reaction occurs during the 2.2 ms dead time, the resolution is too poor for accurate measurement of the apparent first-order rate constant. Therefore, processes occurring at a rate higher than 450 s-1 were not adequately analysed.
At very low ferricyanide concentration ( < 10 /iM) the reaction appeared second-order, and the initial slope yielded an estimate of the second-order rate-constant for haem b2 oxidation: ko.= (1.2 + 0.2) x 107 M-1is-at 5 'C. Above 20 /tM, ka values became relatively independent of oxidant concentration. As strengthened by control experiments previously carried out to check the performance limits of our stopped-flow equipment [7] , the deviation from linearity observed in Fig. 4 did not arise from a failure to monitor the reactions accurately. Thus the electrontransfer reaction between reduced flavocytochrome b2 and ferricyanide occurred by a simple two-step mechanism. A saturation effect of the apparent rate constant with respect to ferricyanide concentration can be shown by fitting the experimental data to a hyperbolic saturation curve. Thus the electron exchange rate between ferrocytochrome b2 and ferricyanide would proceed at a maximum rate, reaching 920+ 50 s-1, within a protein complex characterized by a dissociation equilibrium constant, Kd, of 61 + 6 /uM.
Redox states of the prosthetic groups under steady-state conditions. According to previously obtained data, the external monoelectronic acceptors react with transient reduced forms of the enzyme [6, 7, 14] characterized by the presence of one-electron reduced redox centres, such as reduced haem or flavin semiquinone. To provide information on their involvement in rate-determining steps in the overall catalytic reaction, the extent of oxidation of haem b2 and flavin redox species was compared by stopped-flow measurements performed at two wavelengths under steady-state conditions, during the reduction of ferricyanide by excess L-lactate. This approach was formerly established for Sx-enzyme and revealed no significant difference between the time courses recorded at two wavelengths [10] .
As evidenced by the typical experiments presented in Fig. 5 , haem b2 absorbance remained mainly in an oxidized state corresponding to a constant level of 90 + 5 % (Table 2) , as long as steady-state conditions were maintained. This observation confirms that, for haem b2, the reduction process is slower than the oxidation step. At a wavelength of 480 nm interpretation of transient absorbance variation was further complicated by the overlap between absorbance spectra of haem b2, oxidized flavin and flavin semiquinone [14, 22] and the initial absorbance of ferricyanide (Ae 0.02 mm-' cm-'). The Simulation studies level corresponding to a complete reduction of the enzyme prosthetic groups was finally reached.
The semiquinone radical was estimated in the course of parallel rapid-mixing-and-freezing experiments (result not shown). De- Reaction scheme for steady-state conditions. In the light of the present data, we simulated the steady-state data in Table 2 obtained in the overall electron transfer from L-lactate to Table 2 . Experimental and simulated steady-state parameters Experimental steady-state kinetic parameters were determined in the present study at 10 mm or at saturating L-lactate concentration conditions, either with ferricyanide or Hansenula anomala cytochrome c, for H.a. and S.c. flavocytochrome b2, in 0.1 M-sodium/dipotassium phosphate buffer, pH 7.0 at 5 'C. All the kinetic results at saturating substrate concentration were collected in Table 1 . Data at 5 mM-L-lactate and 0.41 mmferricyanide were taken from Fig. 5 . Other determinations were previously published in [14] . Simulated values (written in italic in parentheses) were predicted by analysis of Scheme 2, using rate constants listed in Table 3 t Km values simulated assuming k-,+kk,5/ks.
ferricyanide. For this purpose we extended to turnover conditions the range of simulation studies carried out previously using the kinetic model (here presented as Scheme 2), which we proposed for the flavocytochrome b2-cytochrome c reaction during a single turnover [7] . Indeed, in rapid-kinetic analyses we showed that two kinds of intramolecular one-electron transfers take place in the turnover with cytochrome c: (i) from flavin hydroquinone or semiquinone to ferricytochrome b2 [14, 15] , i.e. respectively from three to four and from five to six species, (ii) from ferrocytochrome b2 to ferricytochrome c [7] , i.e., from four to five and from six to one species [7, 8] . The rate of the latter process, here termed 'kox (cytc)', was experimentally determined to reach a value of 380 + 30 s-1 in the protein complex [7] .
By contrast, when ferricyanide was considered as external acceptor, an additional donor, flavin semiquinone, was implied in the electron transfer [6, [9] [10] [11] . The value, still unknown, of the rate constant of such a process would have to be adjusted.
Moreover, under turnover conditions it was necessary to add to the previous Scheme compulsory steps of flavin reduction by L-lactate in order to describe the reduction of the flavin group, alternatively oxidized by haem b2 and/or acceptor. When data obtained under non-saturating-substrate conditions were fitted, the substrate-binding parameters determined in the present study were applied to steps 1-.2, and 6-.7. These steps were followed by intramolecular electron transfer between bound L-lactate and flavin (steps 2-.3 and 7-.8), performed at maximum rate (kmax = 400 s-1). On the basis of a detailed analysis of the pyruvate product binding to the three redox states of the flavin in the H.a. flavocytochrome b2 [26] , the dissociation of the product after L-lactate oxidation from Fr species can be considered to be very fast and thus does not appear on the Scheme. (Table 2) .
Indeed, the analysis of Scheme 2 underlined the absence of one single rate-determining step, as identified in the initial flavin reduction in Sx-enzyme overall reaction. In contrast, the Henzyme mechanism illustrated an unexpected situation where a sequence of steps of similar rates participated in the overall reaction rate by splitting the initial electron-transfer rate. The results obtained here suggested that these catalytic differences between the two flavocytochrome b2 species might be associated with the localized structural difference in the folding of the polypeptide chain underlined in [1] Reduction of flavocytochrome b2 in the absence of external acceptors. Simulations of reduction data presented in Fig. 1 were investigated with Scheme 3, which is based on the formalism developed by Pompon [27] to interpret S.c. flavocytochrome b2 kinetic data [18] . As in other reaction schemes previously proposed for the reduction processes occurring in Sx-enzyme [28] [29] [30] , Scheme 3 implies the two basic initial steps, presented in Scheme 1 (first flavin reduction then electron transfer to haem) besides the one-electron-exchange steps. The reversibility of the electron exchanges between flavin and haem was underlined in [28] to account for the thermodynamic and kinetic properties we observed for Sx-enzyme prosthetic groups [21] and now determined for H-enzyme [12] [13] [14] . Moreover, Scheme 3 has specific improvements. Among them are: first, the involvement of all the twelve possible redox states of two flavins and two haems in a dimer, thus allowing all kinds of electron exchanges between them, in particular one-electron exchange between protomers. Second, the consideration of a two-step reduction for the two flavins of a dimer instead of a coupled reaction such as we used previously [28] , a simplification valid only at high rates of electron entry. However, in the present study, only three types of one-electron exchanges between protomers were selected: two rapid transfers involving Fr or Fsq and Ho within a protomer, and a slower inter-protomer electron exchange between Fsq and Ho.
The kinetic parameters for the best fits were detailed in Scheme 3. The same values provided acceptable fits for steady-state parameters and therefore were listed in Table 3 . The corresponding simulated curves, illustrated in Fig. 1 [7] e 100 (a The initial reduction of Fo by substrate was performed at a rate constant defined experimentally by its dependence on the concentration (Figs. 2 and 3) . The parameters of the intramolecular electron exchange between Fr and Ho were shown to control the correct fits of the reduction time courses of haem b2. Values and limits of 400+ 50 s-1 and 180 + 30 s-1, giving a ratio still compatible with our redox titration data (K = 2.8 + 0.7) [14] , were the best estimates both for reduction processes and steady-state simulations.
Analysis [18, 21, 25, 27, 28] and on H-enzyme [12, 14] concerning the sequence of steps involved in the enzyme reduction and the catalytic cycle. They provide further information on the relative rate constant values controlling the intramolecular electron-transfer steps established by other approaches.
Hence the present data entirely support the viewpoint that, after the binding of substrate, the reduction of flavin precedes that of haem b2' Indeed, the substitution of the a-hydrogen atom by 2H has a greater effect on the rate of flavin reduction than on the apparent reduction rate of haem b2' However, the value of Hk of 3.2 found for flavin reduction was less than the theoretical value of the primary isotope effect of C-H bond breaking, calculated to be equal to 6.8 [31, 32] . This finding is explained in two ways. First, the maximum velocity can be limited in part by steps that are not related to the ac-proton abstraction. Indeed the mechanism of flavin reduction in flavocytochrome b2 implies an electron transfer from the resulting carbanion to the flavin [25] . Thus, in H-enzyme, this electron-transfer step will not be very fast compared with that which involves breaking of the substituted bond. Secondly, the lower value of the 2Hk can be related to the extent of breaking of the Ce-H bond in the transition state of the enzyme reaction [32, 33] .
The reduction of the haem proceeds by an intramolecular oneelectron transfer from Fr to Ho, producing F., [14, 21] . The present data confirm this proposal by providing new evidence. [15] . Indeed the rapidity of these intra-protomer electron exchanges is compatible with the close distance (1 nm edge to edge) found between Vol. 274 Fi flavin and haem in the three-dimensional structure of the counterpart enzyme from Saccharomyces cerevisiae [34, 35] .
Slow final reduction stages of flavocytochrome b2
The present data clearly established that: (i) the fast reduction phase I for flavin and haem correlated with Fsq development, reaching a maximal level at its end, corresponded to the distribution of four electrons per dimer [21, 14] and (ii) was involved in the catalytic cycle. Now the significance of the following slow phase II could be questioned. In Scheme 3 the slowness of phase II is related to the slow uptake of the third electron pair by flavin (kF/3) in a two-thirds-reduced enzyme. The nature of the step that modified the reactivity of flavin could be raised. The pre-reduction of three groups over four in a dimer could modified the structure of the assembly and sterically hindered the approach of the substrate near the assumed N(5) reactive site of the flavin [33] . On the other hand, dissociation of pyruvate from its prime complex with Fr species, resulting from one substrate turnover per protomer, could be, a priori, the ratelimiting step in phase II. Both assumptions would be in agreement with the absence of isotope effect noted on the rate of the slow reduction phase, phase II. The slowness of product dissociation would directly affect the turnover rate, which was in contradiction with the available data. Indeed, recent studies on the inhibition behaviour of pyruvate on the catalytic activity offlavocytochrome b2 provided information on the dependence of the dissociation rate of pyruvate from its flavin-binding site on the redox state of flavin, but performed at a non-limiting rate from Fr species [26] .
Another important fact which has to find an explanation in terms of steps in the reaction scheme is that amounts of Fsq do not substantially decrease in phase II. This behaviour was not easy to rationalize with Scheme 3. However, recent detailed studies on the role of pyruvate have demonstrated that this ligand binds to Fsq intermediate species (Kd = 0.2 mM) [13, 26] . The resulting complex behaved as a dead-end complex in steadystate kinetics [26] . The reactivity of pyruvate-liganded Fsq species towards Ho in H-enzyme was determined to be reduced to 5s-1, instead of 200 s-1, for non-liganded F5q species by stopped-flow measurements at 5°C [36] . These results provide an explanation for the steady-state plateau reached by Fsq and continued over 200ms, when two electrons per protomer have been delivered to the enzyme [14] . Indeed, the experimental data showed that the initial reduction processes detected at the level of haem (from 4 to 94/tM) and at the level of flavin (from 2 to 10 /tM) were independent of flavocytochrome b2 concentration. However, at the high enzyme concentration used for e.p.r. measurements of flavin semiquinone, a single substrate turnover per protomer led to the formation of approx. 0.1 mM-pyruvate, which can re-bind to the enzyme, leading to a 60% saturated complex with Fsq transient species. The half-time of 0.5 s we experimentally detected for the semiquinone decrease [14] would thus correspond to the low reactivity of such a pyruvate-liganded-F5q complex. The unexpected stability of Fsq in the final stages of reduction could not be explained by this kinetic model and requires further investigation.
Electron-transfer reactions between flavocytochrome b2 and external acceptors Previous studies led to the characterization of the L-lactateflavocytochrome b2-cytochrome c system from H.a. yeast [7, 8, 37] . Rapid-kinetic investigations showed that the pseudo-first-order rate constant of electron transfer between reduced flavocytochrome b2 and oxidized cytochrome c decreased with increasing ionic strength,as expected fora reaction facilitatedby electrostatic interactions. However, this rate reached a saturation behaviour of 380 + 30 s'I at low ionic strength [7] . Such an intramolecular transfer was recently confirmed to take place in reaction between S.c. flavocytochrome b2 and horse heart cytochrome c derivatives, with a first-order rate constant 700 + 100 s-1 at 25°C [38] . The present paper reports a parallel study with ferricyanide as acceptor, which affords valuable information on the reactivity of the two possible one-electron donors, haem b2 and flavin semiquinone.
Data on kinetic 2H isotope effects allowed a qualitative analysis of the relative rate values for the intramolecular electron-transfer steps occurring in the catalytic reaction (Scheme 2). No significantly different isotope effects on 2Hk were noted in haem reduction and in the overall catalytic reaction to ferricyanide. This observation suggested that similar rate-determining steps participate in both types of reaction sequences. All additional steps, i.e. oxidation of transient reduced redox centres by external acceptors, proceed at a rate high enough to introduce no additional limitation. This is in agreement both with the observation that haem b2 remained mainly oxidized in steadystate conditions in the presence of both ferricyanide and Llactate, and with the determination of an electron exchange rate as high as 920 + 50 s-1 between Hr and ferricyanide mediated by a 1: 1 complex between the two reactants. Moreover, the finding that most of the flavin remained in reduced forms under the same conditions suggested that the oxidation of the flavin by ferricyanide occurred at a rate much lower than haem b2 oxidation. Indeed, the flavin oxidation should proceed at a rate equivalent to, or lower than, the flavin reduction rate. Through critical analysis of computer-simulation studies based on Scheme 2, we obtained information on the range and variations to be ascribed to the rate constants of oxidation of F,q. In particular, the electron exchange between Fsq and ferricyanide was assumed to be performed in a transient-competent electron-transfer complex at a rate lower than that of the flavin-reduction process and optimized at 200s-1.
Several lines of evidence have emphasized the importance of protein or reactant-protein complex in the mechanism of electron exchange. Kinetic data obtained on the electron transfer involving Hr and Fsq and external acceptors suggest that flavocytochrome b2 provided a most interesting system for illustrating the factors which control biological electron-transfer processes. Possible controlling factors of the electron-transfer rate include the difference in redox potentials between participating electron carriers, distances, relative orientations and degrees of solvent exposure of redox centres, and site-specific and overall charge distribution, as reviewed in [39] [40] [41] . A comparison of data obtained for the reaction of reduced haem b2 with ferricyanide or cytochrome c indicates that, in terms of second-order rate constant (k = 1.2 x 107 M-1 s-), the reaction is substantially slower with ferricyanide than the analogous exchange with oxidized H.a. cytochrome c [k = 7 x107 M-1 * S-1 (in conditions of 0.2M ionic strength, pH 7.0 and 5°C)] [7] . This difference in rate is in agreement with a repulsive electrostatic interaction involved with the negatively charged (-3) ferricyanide. Once the intermediate complex is formed, ionic-strength effects are not expected to be manifested on the first-order rate constant. Indeed, the higher oxidation rate limit for the oxidation of haem b2 by ferricyanide (920 s-1) than by cytochrome c (380 s-1) is consistent with the expected greater potential difference towards ferricyanide (AE = 420 mV) than towards cytochrome c (AE = 250 mV).
Simulation studiesof Scheme 2 provide comparative data on the reactivity of flavin semiquinone and haem b2with ferricyanide and/or cytochrome c. The first-order rate constants for the reactivity ofsemiquinone with external acceptor are uniformly lower than those involving Hri in spite of the implication of a similar difference in redox potential [13, 14] . This suggests that substantial steric effects are operative. A similar difference in reactivity of the prosthetic groups in flavocytochrome b2 was earlier observed in the course of pulse-radiolysis studies with carboxylate radicals [42] . The results led to the conclusion that, whereas the haem b2 crevice would be accessible to the solvent, the methylbenzene end of the flavin isoalloxazine ring (presumably the site of electron transfer [33] ) would be buried, prevented from solvent contact by a compact folding of the polypeptide chain [43] . This assumption is now supported by data on the three-dimensional structure of the S.c. flavocytochrome b2 molecule [34, 35] . Presumably this increases the distance over which electron transfer must proceed and is the cause of the lower reactivity of semiquinone as compared with haem b2. It is interesting to note that the difference in rate-constant magnitude observed for electron transfer from Fsq or Hr to cytochrome c or ferricyanide could be a consequence of the relative distances and orientations of the participating redox centres within the electron-transfer complex. In the flavocytochrome b2-cytochrome c complex, the main association area is known to be localized on the flavodehydrogenase domain [37] . However, comparison of the reactivity of haem b2 in free cytochrome-b2 or in flavodehydrogenase-bound cytochrome b2 towards cytochrome c leads to the conclusion that the intramolecular electron exchange between haem b2 and haem c occurs at a very similar rate, thus implying a similar transition state for the competent reaction complex [8] . Finally, electrostatic interactions in the flavocytochrome b2-cytochrome c complex may not orient the two proteins in a manner as favourable to electron transfer from Fsq as from Hr. The relatively small ferricyanide ion is less sterically hindered than a cytochrome c molecule, and for this reason is less influenced by the steric constraints on the flavin exposure. This is consistent with the reactivity noted between Fsq and ferricyanide, in contrast with its complete absence of reactivity towards cytochrome c. Finally, the kinetic characterization of multiple electron transfer involving flavin, haem b2 and external acceptors were reported in H.a. flavocytochrome b2. It is hoped that progress in the elucidation of the role of strategic amino acid residues in the electron-carrier function of flavocytochrome b2 will now be performed both by the generation of mutants of flavocytochrome b2 with the help of site-directed mutagenesis [1, 2] and analysis of computer-generated molecular models of the acceptorflavocytochrome b2 complex [44] .
